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[57] ABSTRACT 
A high pressure interface device for connecting a gas 
chromatograph to a mass spectrometer having a high 
pressure laminar flow, flow tube ion reactor cell con-
-taining an isolated ionization source and an axial sample 
injection port in which specific ion species formed by 
radioactive bombardment of gas mixture are reacted 
with gaseous samples to result in an ionized gaseous 
sample. When coupled to a multistage pumped mass 
spectrometer, this invention makes possible detection 
sensitivities of trace sample species in the subparts per 
trillion range and under proper condition does not need 
calibration. 
28 Claims, 10 Drawing Sheets 
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HIGH PRESSURE SELECTED ION CHEMICAL 
IONIZATION IJ'lj'TERFACE FOR CON:SECTING A 
SA.l\f PLE SOURCE TO AN ANALYSIS DEVICE 
rings within the first chamber. The ion 'chemistry in the 
Caroll device which finally leads to the product ion of 
interest also can be very complex, making the apparatus 
difficult to calibrate. The Caroll device also lacks a 
BACKGROUND OF THE INVENTION 
5 dissociation chamber to remove clusters which will 
cause unwanted peaks in the mass spectra. 
I. Field of the Invention 
The invention relates generally to an interface for use 
in connecting a gas chromatograph or other gas intro-
duction means to a mass spectrometer or other mass 10 
measurement means in order to allow for greater detec-
tion sensitivities in the mass measurement means. The 
invention relates specifically to a laminar flow, flow 
tube ion reactor cell in which sp~cific ion species 
formed by radioactive bombardment of a gas mixture 15 
are reacted with a gaseous sample introduced into the 
tube, forming ionized species of the gaseous sample, 
which are then introduced into a collisional dissociation 
chamber, if needed, and then into a multistage pumped 
spectrometer,· resulting in a substantial increase in the 20 
detection sensitivity for the mass spectrometer. 
2. Prior Art 
The coupling of a gas chromatograph to a mass spec-
trometer is known in the prior art. However, the sensi-
tivity of the output of the mass spectrometer is limited 25 
both by the method of ionization and by the quality of 
input from the gas chromatograph (GC). The choice of 
GC operating conditions, sample separating column 
and sample separating stationary phase can greatly en-
hance or detract from the output to the mass spectrome- 30 
ter. The sensitivity of the coupled gas chromatograph-
/mass spectrometer system is limited by, among other 
things, the nonspecific ionization of sample species, 
background noise arising from effluent from the chro-
matograph column, the number and concentration of 35 
sample species contained in the sample gas, the loss of 
sample on the column material, the efficiency of the GC 
in separating interfering sample species, and the finite 
peak width of each sample species eluting from the gas 
chromatograph. 40 
There have been attempts at developing methods or 
apparatuses for connecting a chromatograph to a mass 
spectrometer in such a manner so as to separate unde-
sired chemicals from desired chemicals in the chro-
matograph prior to introducing the sample to the mass 45 
spectrometer. Reducing the complexity of the sample 
matrix introduced to the mass spectrometer reduces the 
complexity of the mass spectra created by the mass 
spectrometer. One such method and apparatus is de-
scribed in the patent to Caroll et al, U.S. Pat. No. 50 
3,639,757, which discloses an apparatus and method for 
the analysis of discrete samples. Caroll et al discloses 
the injectfon into and volatization of a sample within a 
first chamber. The sample is ionized with reacting ions 
produced in the first chamber and the reacted sample 55 
ions are directed by a drift field to a second chamber 
having a lower pressure than the first chamber. Within 
the second chamber, the ions are analyzed. 
The disadvantages of the Caroll patent include a 
relatively short reaction time and relatively low pres- 60 
sure chambers resulting in lower sensitivity within the 
mass analysis device. Also due to the relatively short 
reaction time, the efficient use of the sample is relatively 
low and the selection by proton or electron affinity is 
diminished. Additionally, old sample gas remains in the 65 
first chamber, thus resulting in a memory effect within 
the first chamber. Further, uniform laminar flow is not 
achieved due to the presence of electrodes and guard 
A second apparatus and method for increasing the 
sensitivity for detecting low. concentrations of sample 
gases is described in Ketkar, S. N. et al., Atmospheric 
Pressure Ionization Tandem Mass Spectrometric Sys-
tem For Real-Time Detection Of Low-Level Pollutants 
In Air, 61 Analytical Chemistry 260-264 (1989). The 
Ketkar article describes an ionization system for detect-
ing very low levels of contamination in air. The specific 
system described uses a point-to-plane corona discharge 
with means to produce primary ions which ionize the 
"trace molecules in a sample gas. A low pressure declus-
tering region helps remove water cluster ions and a 
tandem mass spectrometric system is used to detect 
trace molecules. 
There are several djsadvantages inherent in the Ket-
kar system, including several of the disadvantages listed 
above. Relatively short reaction times and relatively 
low pressures decrease the sensitivity of the mass analy-
sis device. The relatively high temperature ion reaction 
region may cause fragmentation or radical formation of 
unwanted species within the reaction region. Further, 
the Ketkar apparatus does not act as a wall-less reaction 
region, thus resulting in the possibility of a memory 
effect. Again, ion chemistry is complex and variable, 
and thus the instrument is difficult to calibrate. The low 
pressure cluster removal means has comparatively low 
efficiency for removing these clusters. 
The patent to the University of Toronto, U.K. Patent 
No. 1582869, discloses a gas curtain device and method 
for transferring matter between a gas and a vacuum. A 
second patent to the University of Toronto, U.K. Patent 
No. 1584459, based on the above patent, discloses a 
method of focussing and dissociating trace ions. The 
first patent includes a flow tube having a centrally lo-
cated axial electrode to induce ion drift into a gas cur-
tain to facilitate the transfer of the sample ioi1s and not 
buffer gas into a mass analyzer. The present invention 
has been used in conjunction with devices similar to this 
one; however the central electrode, on which sample 
gas species could be absorbed and later desorbed, was 
found to be unnecessary, and for relatively clean sample 
gas the curtain gas also is not needed. When the present 
invention was used in conjunction with a dissociation 
device, a separate chamber for dissociating clustered 
ions was found advantageous. 
Each of these components has a distinct disadvantage 
when compared to the present invention. First, the 
centrally located electrode may disrupt the axial flow of 
the sample gas and prevent uniform laminar flow 
through the reaction region. Second, in contrast to the 
relatively high pressure laminar flow in the present 
invention, a drift field is required. In the present inven-
tion interface, sample gas ions will naturally remain 
near the axis constrained by diffusion in the relatively 
high pressure flow tube until they reach the relatively 
low pressure collision chamber or analyzer. Third, the 
prior art requires a gas curtain. In contrast, the clean 
buffer gas and preseparated sample gas in the present 
invention, uninterrupted by the presence of any axial 
electrode or other surfaces, obviates the need for a gas 
curtain, as the clean, dry buffer/sample gas presents no 
3 
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problems upon entering the collision chamber or analy- higher sensitivity for the mass analysis means, a more 
zer region. Fourth, the prior art are of use downstream efficient use of sample, and the creation of an essentially 
from where the selected ion chemical-ionization pro- wall-less laminar flow reaction region, greatly reducing 
cess takes place; that is, downstream from where the or eliminating the reactions on the tube walls and possi-
present invention is located. This prior art is useful 5 ble memory effects. A low temperature ion reaction 
primarily with the present invention as shown in FIGS. region results in essentially no fragmentation or radical 
3 and 4 herein. formation within the reaction region. Laminar flow is 
Atmospheric pressure ionization mass spectrometry achieved in the present invention through the use of 
(APIMS) has proved to be an extremely sensitive turbulence-reducing screens and the elimination of 
method for detecting 9as phase species at ultratrace 10 guard rings or electrodes. The specific collisional disso-
levels. Currently, most of these methods are employed ciation chamber developed for the present invention 
only for analysis of bulk phase samples. Therefore, their results in a higher removal rate for weakly bound clus-
extreme sensitivity is rather limited to only those species ters such as water clusters while minimizing the dissoci-
having relatively high proton or electron affinities. The ation of core ion species. 
typical hierarchy of potentially stable product ion spe- 15 The present apparatus does not suffer from the diffi-
cies present in gas samples limits the present applicabil- cul ties encountered with previous chemical ionization 
ity of chemical ionization mass spectrometry methods -techniques because it does not directly ionize the gas 
to relatively few, very stable species. Sensitive detec- being sampled. Instead, the present apparatus forms ion 
tion of species having relatively low proton or electron species in a buffer gas and allows sufficient time for 
affinities can be achieved by coupling atmospheric pres- 20 most metastable or radical species to be removed before 
sure chemical ionization/MS with a technique such as they are allowed to interact with the gas sample being 
gas chromatography (GC) which separates the com- analyzed. The present technique also differs from con-
ponent(s) of interest in the sample matrix from interfer- ventional chemical ionization methodology in that it 
ing high affinity species. Thus, a potentially large num- uses a single specific core ion species to react with the 
ber of species may be detected with extreme sensitivity 25 trace compound to be measured. This is accomplished 
using combined GC/ APCI/MS. However, to this date, by forming the initial reactant ions in a tailor made 
the powerful capabilities of this technique have hardly buffer gas. Thus, the terminal ion to be detected is 
been recognized. formed in a single known reaction (often a fast proton 
The range of species measured by chemical ionization or electron exchange reaction) with the compound to 
techniques also has been limited by the relatively crude 30 be detected. Therefore, the detection sensitivity of the 
manner in which these techniques have been previously measurement is known or can be measured, and is de-
applied. Most chemical ionization techniques directly pendent on one reaction rate constant and the reaction 
ionize the sample gas being studied using either radioac- time. It is not dependent on the other unknown constitu-
tive alpha or beta sources or a corona discharge. This ents of the gas being sampled. Thus, the system need not 
poses several problems and drawbacks: 35 be calibrated each time new sample gas is added. If the 
I. Both alpha and beta irradiation of a sample gas species to be detected forms a sufficiently stable ion 
impart only half of the energy into the production of such that once formed it will not react further, then the 
ions. The ionization efficiency is even lower for corona present device often can be operated in conjunction 
discharge. with a mass spectrometer on a continuous basis (no 
2. Both alpha and beta sources produce metastable 40 GC). This is possible as long as the initial reactant can 
and neutral radical species at a rate at least as high and be maintained as the predominant ion species present 
probably higher than the initial ion production rate. by: (I) choosing a sufficiently stable reactant ion; (2) 
Unless the ions are extracted by strong electric fields, reduction of reaction time; (3) sample dilution; or (4) 
most ions are lost by ion-ion recombination, potentially some combination of the above possibilities. 
forming additional radical species. 45 The present invention makes possible the direct de-
3. Even if ions are extracted from the ion source tection and quantification of gaseous samples in air at 
region, the initially formed neutral radicals are not. parts-per-trillion (pptrv) and sub-pptrv levels involving 
They are only removed by the gas flow through the ion no preconcentration. Generally, previous methods used 
source region and have a significant time to react with to analyze gaseous samples using gas chromatography/-
the trace species in the sample gas. Radical production 50 mass spectrometry (GC/MS) involve detection systems 
rate for a IO me 63Ni beta source of 0.1 - me 241Am with much lower sensitivities (typical commercial MS 
source can reach 109-1010/sec which at gas flows of 10 detectors: typically in the ppb range and above) than 
cm/sec through the source region can result in a con- the present invention and, therefore, require preconcen-
centration of 108-!09 radicals or chemically altered tration. of the gaseous sample for levels 1n the lower 
species. In most applications this causes major interfer- 55 pptv range. Preconcentration (for instance adsorption 
ences preventing a sensitive detection of the sample on solid adsorbent, or cryogenic trapping) bears several 
species in the low parts-per-trillion (pptrv) or sub-pptrv serious disadvantages such as, for example, the potential 
range. . occurrence of artifact reactions of the sample gas with 
4. Corona sources can cause at least as much alter- other reactive species during preconcentration or injec-
ation of the sample chemistry as direct radioactive sam- 60 tion of the preconcentrated sample and taking time. In 
pie irradiation. contrast, the present invention is essentially free of in-
Compared to the prior art, the present invention al- terferences, is highly sensitive and highly selective, and 
lows for the separation of the ionization and reaction involves direct identification of the species of interest 
regions. The present invention allows for the prepara- by single or tandem mass spectrometry. 
tion of a single selectable initial reactant ion species 65 
reducing or in many cases removing the need for con-
stant calibration. The present allows for longer reaction 
times and higher pressure chambers thus resulting in 
SUMMARY OF THE INVENTION 
The invention is an interface between a gaseous sam-
ple introduction means such as a gas chromatograph 
s 
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and a mass detection and measurement means, such as a 
mass spectrometer. The invention comprises a novel 
high pressure flow tube device into which a gaseous 
sample is introduced which reacts with a previously 
introduced specific ion species. A reactant ion species is 5 
created by ionizing specific trace gas parent neutral 
species (trace gas) carried into the flow tube by a 
cleaned buffer gas, which is generally a chemically inert 
carrier gas such as nitrogen (N2) containing the trace 
gas, such as about one part per billion water vapor 10 
(H20), or about 100 parts per million oxygen (02). The 
buffer gas is introduced to the flow tube, established 
into a laminar flow, and ionized by a low intensity radi-
oactive source. The gaseous sample, generally from a 
gas chromatograph, is injected axially preferably along 15 
the central axis of the flow tube. Within the flow tube; 
the gaseous sample encounters and reacts with the reac-
tant ion species which can be specifically selected for 
use with the chosen gaseous sample. The high sensitiv-
ity of the present apparatus is achieved by allowing 20 
each specifically prepared fon to undergo many billions 
of collisions with the sample gas in the laminar flow 
reactor region. Upon reaching the distal end of the flow 
tube, the ionized gaseous sample passes into a collisional 
dissociation chamber where most of any weakly bound 25 
water clusters attached to the ionized sample are colli-
sionally dissociated. The now relatively simple ion 
spectrum containing primarily the initial reactant ion 
(such as H,o+) and a lesser amount of the species under 
study will be measured using a mass spectrometer. 30 
The carrier gas is purified by passing through a cryo-
genic trap, typically a high pressure (about 20 psi) liquid 
nitrogen trap. In some cases the trace gas also is passed 
through this trap. Otherwise, the trace gas is then added 
to the carrier gas to produce the buffer gas. Optionally, 35 
the trace gas. for example 02, can be photolyzed in a 
quartz photolysis cell to form 03 subsequent to the 
cryogenic trap. The carrier gas is then introduced into 
the proximal end of the flow tube (the flow tube en-
trance). Within the proximal end of the flow tube is a 40 
back flange with uniformly spaced inlet holes through 
which the buffer gas first flows, causing the buffer gas 
to uniformly fill the flow tube. The buffer gas then 
passes through at least one and generally two or more 
turbulence-reducing screens to establish a uniform and 45 
laminar flow pattern within the reaction area of the 
flow tube. After passing through the turbulence-reduc-
ing screens, the buffer gas encounters a radioactive 
source, generally an alpha or beta emitter, which bom-
bards the buffer gas, ionizing the buffer gas which re- 50 
suits in the ionization of the trace gas, largely by proton 
and electron exchange. The back flange and turbulence-
reducing screens (the laminar buffer gas flow region), 
and the radioactive source (ion source region) are lo-
cated within the flow tube prior to the end port of the 55 
sample injection tube, allowing the buffer gas to be-
come uniformly dispersed and ionizied prior to encoun-
tering the sample gas. 
The sample gas, generally the eluent from a gas chro-
matograph but often simply a bulk sample of ambient 60 
air, is injected into the flow tube downstream from the 
laminar buffer gas flow region and ion source region. 
The sample encounters and reacts with the carrier gas, 
now containing a single ion species (the ionized trace 
gas), forming relatively stable sample species ions and 65 
trace gas atoms or molecules. Due to the radially uni-
form nature of the buffer gas flow and the axial injection 
of the gaseous sample at a similar velocity to the buffer 
6 
gas flow leads to little turbulence, the sample species 
ions tend to travel axially in the center of the flow tube, 
and because of the high pressure radial diffusion from 
the axis is relatively slow. The concentration of sample 
species ions formed is relatively small (;;i 10%) com-
pared to the concentration of initial reactant ions. Since 
the reaction times, the reaction rate constant for reac-
tant ion/sample species of interest, and the concentra-
tion ratio of reactant ion/sample ion are either known 
or measurable, the sensitivity of the above apparatus 
can be both known and fixed at predetermined values 
for any specific compound as long as the initial reactant 
ion remains the primary species present in the ion spec-
trum. This has been accomplished for NO- 3 in the OH 
measurement described below in Example IV, and has 
been closely approached in Examples I and II. The flow 
-tube reactor cell operates at pressures on the order of 
one atmosphere or higher to increase sensitivity. 
At the distal end of the flow tube is the flow tube exit 
aperture leading to the collisional dissociation chamber. 
The sample species ions travel through the flow tube 
exit aperture into the collisional dissociation chamber, if 
used, while the bulk of the carrier gas leaves the flow 
tube through exhaust gas ports. Also due to the axial 
nature of the flow of the sample species ions, the input 
into the collisional dissociation chamber comprises a 
relatively high concentration of sample gas. Optionally, 
as the sample species ions reach the end of the flow 
tube, they may be refocused toward the central axis of 
the flow tube and accelerated toward the exit aperture 
by a converging electrostatic field. This field is pro-
duced by maintaining a potential difference between the 
flow tube walls and the exit aperture. This field forces 
the sample species ions close to the flow tube axis and 
into a neutral carrier gas (not shown) just in front of the 
exit port. 
The collisional dissociation chamber (which is 
largely needed only if HzO and other polar molecules 
are not removed from the sample gas) is designed spe-
cifically to collisionally dissociate water clusters 
weakly bound to the sample species ions. The chamber, 
which typically operates at about 0.1 torr, consists of a 
vacuum-tight enclosure containing several electrically 
insulated guard rings maintained at potentials to pro-
duce an approximately uniform electrical field along the 
axis of the chamber. The sample species ions, shed of 
the weakly bound water clusters, then are introduced to 
a mass spectrometer for measurement. Although the 
removal of water clusters is not crucial to the operation 
of the invention, it is beneficial to allow detection of 
gaseous sample ions at only a single mass and not a 
series of masses consisting of multiple additives of the 
sample ion species and water molecules. Thus, the re-
sulting. ion spectrum created by the mass spectrometer 
is simple, containing only one ion mass per core ion 
species, and the number of ions of the same sample 
species is accumulated in one large peak in the mass 
spectrometer because the ions are not divided up among 
multiple additive mass peaks. 
OBJECTS OF THE INVENTION 
Accordingly, it is an object of the present invention 
to. provide: 
a means for removing or reducing the need for cali-
brating a GC/MS system; 
a means for increasing the detection sensitivity of a 
mass spectrometer; 
7 
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a means for interfacing a gas injection means such as 
a gas chromatograph to a mass measurement means 
such as a mass spectrometer; 
a means for interfacing a gas chromatograph to a 
mass spectrometer utilizing a flow tube chemical 5 
ionization reactor allowing the uniform and lami-
nar flow of the reacting species along the axial 
length of the flow tube; 
a means for ionizing a sample gas species in a rela-
tively high pressure environment in the absence of 10 
metastable and radical formation virtually eliminat-
ing interferences by unwanted radical and metasta-
ble species; 
a chemical ionization process which involves a single 
reactant ion and product ion such that the mea- 15 
sured reactant ion/product ion concentration ratio 
depends only on a fixed reaction rate, a known 
reaction time, and sample concentration thus re-
moving the need for calibration; 20 
a means in which a reactant ion may be chosen which 
has a proton or electron affinity relatively close to, 
but still below, that of the species to be measured, 
thus minimizing interfering reactions; 
an essentially wall-less flow tube reactor by using 25 
laminar flow conditions in a relatively large diame-
ter, high pressure flow tube reactor resulting in a 
reduction of memory effects and minimal dilution 
of the sample gas; 
a means for introducing a sample species ion into a 30 
mass spectrometer by sampling only a small per-
centage of the total number of ions from the central 
portion of a symmetric ion swarm thus greatly 
reducing or eliminating wall reactions; 
a means for introducing sample species ions to a mass 35 
spectrometer in a purely gas phase; 
a means for detecting the quantity of sample species 
ions at only a single mass and not at a series of 
masses which would include integer multiples 
above the core ion mass resulting from the pres- 40 
ence of interfering gases, that is the number of ions 
observed at each peak will be larger because the 
ions are not divided up among several different 
mass peaks; and 
a means for measuring and identifying species at con- 45 
centrations below one part per trillion, provided 
the species have sufficient proton and/or electron 
affinities. 
These objects, and other objects, features and advan-
50 tages of the present invention, will become apparent to 
one skilled in the art when the following Detailed De-
scription of a Preferred Embodiment is read in conjunc-
tion with the accompanying Figures, in which like ref-
erence numerals represent corresponding parts 55 
throughout the several drawings. 
DESCRIPTION OF THE DRAWINGS 
FIG. 1 is a schematic of the apparatus of the present 
invention. 60 
FIG. 2 is a schematic of an alternative embodiment of 
the sample gas preparation and injection means for the 
present invention. 
FIG. 3 is a schematic of an alternate embodiment of 
the present invention used in Example IV. 65 
FIG. 4 is a schematic of an alternate embodiment of 
the present invention shown in FIG. 3, having an alter-
nate ion source. 
8 
FIG. 5 is a calibration curve for dimethylsulfide 
(DMS) used as the experimental gaseous sample over a 
range of 0 to 150 parts per trillion. 
FIG. 6 is an enlarged portion of FIG. 5 over a range 
ofO to 20 parts per trillion as an example of the sensitiv-
ity of the present invention. 
FIG. 7 is an actual field measurement of dimethylsul-
fide (DMS) using the apparatus of this invention. 
FIG. 8 is a calibration curve for beta-caryophyllene 
(CAR) used as the experimental gaseous sample over a 
range of 0 to 400 parts per trillion. 
FIG. 9 is a calibration curve for sulfur dioxide used as 
the experimental gaseous sample over a range of 0.1 to 
100 parts per trillion. 
FIG. 10 shows the OH concentration (A), the ultravi-
olet relative intensity (B), and the ozone concentration 
·(C) for an OH detector run. 
DETAILED DESCRIPTION OF A PREFERRED 
EMBODIMENT 
I. Apparatus 
Referring now to FIG. l, the interface 10 of the pres-
ent invention comprises a high pressure flow tube 12, in 
which specific ion species are formed by either alpha or 
beta bombardment of a tailor-made buffer gas mixture 
comprising a trace gas and a carrier gas. These ions then 
react with a gaseous sample introduced through injec-
tor 34 and into the flow tube 12. The flow tube 12 op-
tionally is attached to a low pressure collision dissocia-
tion chamber 14. When coupled to a multistage pumped 
mass spectrometer 16, this interface 10 makes possible 
detection sensitivities in the sub-parts-per-trillion (sub-
pptrv) range for a large number of chemical com-
pounds. When used in relation to describing the flow 
tube 12, the term high-pressure is defined as pressures 
on the order of magnitude of I atmosphere or higher, as 
the flow tube 12 is capable of suitable operation at such 
pressures. 
FIG. 1 shows the major components of the invention. 
In general, the cylindrical flow tube 12 is electrically 
conducting and has a smooth bore to minimize gas tur-
bulence. It also is of sufficient diameter that diffusion of 
the ion species between the wall and center of the tube 
12 (or the converse) is not significant in the time re-
quired for the sample gas to travel the length of the tube 
12. Although the diameter of the flow tube 12 is not 
critical, the diameter is to a certain extent dependent on 
the residence time necessary for sufficient reaction of 
the sample gas with the ion species contained in the 
buffer gas. Generally, longer residence times necessitate 
a larger diameter. The flow tube 12 used in the follow-
ing Examples was about one inch (1 ") in diameter. 
A cryogenic trap 22 is used to purify the carrier gas. 
Nitrogen is the preferred carrier gas because it is abun-
dant and inexpensive. Other carrier gases, such as the 
noble gases, also are suitable. The cryogenic trap 22 is 
generally a high pressure liquid nitrogen trap (about 20 
psi) which can be baked out for 24-48 hours or longer to 
reduce the presence of polar and high electron and 
proton affinity species in the carrier gas down to the 
low ppt range. The cryogenic trap 22 may be pressur-
ized to a pressure greater than that of the flow tube 12 
to prevent trapping out the nitrogen buffer gas. 
The trace gas is added to the cleansed carrier gas via 
a trace gas input 18 to form the buffer gas, unless the 
trace gas already is in the carrier gas. The buffer gas 
mixture comprising a carrier gas, typically N2. contain-
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ing the trace gas, such as, for example, a few parts-per-
billion (ppb) H20 (for positive operation) or approxi-
mately 100-1000 parts-per-million (ppb) 02 (for nega-
tive ion formation), enters the laminar buffer gas flow 
region 60 of the flow tube 12 from the buffer gas input 5 
24 through a back flange 26, at the proximal end 28 of 
the flow tube 12, having a series of uniformly spaced 
holes to more uniformly distribute the buffer gas within 
the flow tube 12. The buffer gas next passes through fine 
metal turbulence~reducing screens 30 or other suitable 10 
means to establish a uniform and laminar flow pattern. 
The exact mesh size of the turbulence-reducing screens 
30 is not critical as long as a mesh with a relatively 
regular pattern is used. A finer mesh will help reduce 
turbulence. The mesh size of the turbulence reducing 15 
screens 30 used in the following Examples was about 
100 lines per inch. Other methods which form a laminar 
gas flow within a short distance are suitable, such as the 
use of a plurality of holes in the back flange 26, the use 
of mesh substitutes, or the use of a region 60 Jong 20 
enough to allow the establishment of a laminar flow 
prior to both ionization and contact with the sample 
gas. 
Immediately after the last screen 30, the buffer gas 
enters the ion source region 70 where it is ionized by a 25 
radioactive source such as an alpha or beta emitter 
coated on a cylinder or ring 32 concentric with the 
inside the flow tube 12. For example, if a radioactive 
coating of Nickel-63 on the order of 10 micro-curies is 
used, an ion concentration of about 2-4 X 1Q5 ions/cm3 30 
in the central region of the flow tube 12 is produced. 
Various known radioactive sources which are sufficient 
to create the desired level of ionization are acceptable. 
It is preferable to have a very low intensity radioactive 
source which produces a stable emission, and is just 35 
strong enough to ionize the buffer gas with minimal 
formation of metastable or radical species. In this re-
gard, corona sources are less desirable. X-ray sources 
also are suitable. The buffer gas should remain in the ion 
formation region 70 for a time sufficient for the majority 40 
of any metastable or radical species to be eliminated 
before the sample gas enters the specific ion/molecule 
reaction region 80. It is important that the ionization of 
the buffer gas occurs in an isolated region 70 of the flow 
tube 12 where no sample gas is present, preferably just 45 
prior to encountering the sample gas. Depending on the 
desired flow tube 12 residence time, an ion concentra-
tion of about 1Q5-I07 ions/cm3 is formed. Generally, 
residence times range from about 0.01 seconds to 3.0 
seconds or more, although shorter and longer residence 50 
times are suitable. 
The introduction of a sample into the flow tube 12 is 
accomplished by an axial injection needle 34, which can 
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coaxially in the flow tube 12 at a gas flow velocity 
approximately equal to that of the injected sample gas, 
allowing the ions in the buffer gas to mix with the sam-
ple gas largely by molecular diffusion. The sample gas 
dilution is relatively small and the maximum concentra-
tion of the sample gas remains on the flow tube axis. 
The sample species react with the ions present, typically 
within about one second, while diffusion from the cen-
ter of the flow tube 12 is relatively slow. In this time the 
ions will typically undergo about 1Q9-1QIO collisions 
with the sample species. 
The positive or negative ions initially formed are 
quickly converted into H + .(H20)n or 02- .(H20)m. 
respectively (where norm depends on the H20 content 
of the gas used, and on temperature and pressure). 
These secondary ion species are formed generally in Jess 
·than 0.1 second in the corresponding gas mixtures, and 
are thus the predominant ion species present, as the 
gas/ion mixture flows past the end of the sample injec-
tion needle. Unless a sample is injected into the flow 
tube 12, these secondary ions remain as the primary ion 
species present when the gas/ion mixture reaches the 
exit aperture 36 of the flow tube 12. The residence time 
of the gas/ion mixture in the flow tube 12 can be regu-
lated and is typically on the order of 0.1 to several (3 or 
more) seconds, depending on the sensitivity desired. On 
their way to the tube exit aperture 36, some of the ions 
are gradually destroyed by ion-ion recombination. 
However, even after several seconds, ion concentra-
tions are still on the order of 1()5 ion/cm3. 
The sample gas may have water molecules in it if not 
removed in the GC. As the sample gas expands through 
the injection needle 34, the gas cools adiabatically and 
reacts with the water, causing clusters of water to be-
come weakly bound to the sample gas. These water 
clusters for the most part are removed from the sample 
gas in the collisional dissociation chamber 14 as dis-
cussed below. The presence of water in the sample 
species ions introduced to the mass spectrometer 16 will 
cause peaks in the mass spectra occurring at multiples of 
18 (the molecular weight of water) which are un-
wanted. 
be resistance heated for low vapor pressure species if 
desired. The needle 34 would generally operate from 55 
about room temperature (about 22' C.-32' C.) to about 
400' C., with 200' C. being the preferred maximum such 
that a Teflon-type coating or tubing may be used on the 
inside surface of needle 34 without melting to allow 
injection of samples through the needle 34 which are 60 
incompatible with the needle 34 material. The injection 
mass flow rate through the needle 34 orifice is typically 
only a few percent (0.1-5%) of the total mass flow rate 
A complex sample matrix such as ambient air con-
tains many gaseous components and it may be desirable 
to measure the quantity of only one of the gaseous com-
ponents. The trace gas to be inc;:luded in the buffer gas 
can be or is sometimes selected by choosing a specific 
gas which, when ionized by the radioactive source 32, 
will react with the desired gaseous component, and not 
most others of the gaseous components contained in the 
ambient air sample. As a result of the separation of the 
buffer gas introduction 24 and the sample gas injection 
34, a single specific ground state ion species can be 
produ~ed in an inert buffer gas. The identity of the 
reactant ion species produced in the ion source is con-
trolled by the trace gas added to or contained in the 
buffer gas. By using the known or measurable reaction 
rate between the trace gas and the gaseous component, 
the quantity of gaseous component in the ambient air, 
GC effluent, or other sample can be determined from 
the ratio of reactant ion/product ion concentration, 
reaction rate constant, and reaction time. In this man-
ner, only two ion species are involved in the measure-
ment, including the gaseous component of interest. A 
major depletion of the reactant ion signals that the tech-
nique is no longer linear, and typically signals that other 
in the tube 12. The sample species is mixed rapidly with 
the buffer gas/ion species mixture within a few ( < 10) 65 
millimeters from the tip of needle 34 along the flow tube 
12 axis by both local turbulence near the needle 34 
orifice and by diffusion. The ionized buffer gas travels 
unwanted species in the sample gas are at too high a 
concentration and that flow conditions or sample gas 
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purity needs to be adjusted. As long as the initial reac-
tant ion concentration is not dramatically depleted by 
other species no major measurement error is introduced 
flow tube 12 walls. The laminar flow and relatively low 
residence time results in the ability of the invention to 
input into the mass spectrometer 16 species that under 
turbulent conditions would partially stick to the reac-by the presence of these unknown and unwanted ion 
species. 5 tion chamber (flow tube 12) walls. Further, the sample 
species flows in an axially symmetric pattern and the 
sample ions are relatively easily removed through the 
exit aperture 36 into the collisional dissociation cham-
With an ion concentration of about J05 ions/cm\ a 
one second reaction time (about J09-JOIO ion-molecule 
collisions), and a mass identified detection sensitivity of 
about I ion/cm3 (for atmospheric pressure and an inte-
gration time of 60 seconds) the described device (in JO 
combination with a mass spectrometer system) offers 
extremely high detection sensitivity (up to I part in 
1014) for compounds forming stable ions in the flow 
tube 12. Typically, the criteria to be met for a species to 
be readily observable in the positive ion spectrum is that 15 
its proton affinity is at least several kcal/mole above 
that of the parent ion (the proton affinity of H20 is 
about 166 kcal/mole). Species to be detected in the 
negative ion spectrum must have a higher electron af-
finity than that of the parent ion (the electron affinity of 20 
02 is about IO kcal/mole) or in some cases a greater 
acidity than the ion parent. Detection in the positive ion 
spectrum typically is based on a proton exchange of the 
sample gas with H+ .(H20) Detection in the negative 
spectrum typically is based on proton or electron trans- 25 
fer reactions but can also proceed through more general 
two-and three-body ion-molecule reactions which lead 
to more stable terminal ion species. 
The relatively stable sample ions formed during the 
reaction between the trace gas ions and the sample gas 30 
are transported down the length of the flow tube 12 in 
the same manner as the trace gas ion species, except that 
the removal rate by ion-ion recombination and diffusion 
is somewhat different from that of the trace gas ions. 
Typically, the injected sample only alters a small frac- 35 
tion of the ions present in either the positive or negative 
spectrum and has essentially no effect on the other 
(opposite polarity) spectrum. Thus, the number of trace 
gas ions reacting with the injected compound(s) to form 
specific new ion species are proportional to the concen- 40 
tration of reactive sample species injected into the flow 
tube 12. If the ion species produced from the injected 
compounds becomes a significant portion of the total 
number of ions and there is more than one type of sam-
ple ion present. then the ion residence time in the flow 45 
tube 12 must be reduced or the sample gas be better 
separated or further diluted. The corresponding reduc-
tion in lifetime can be accomplished by increasing the 
carrier gas flow through the flow tube 12. 
. The flow tube 12 becomes effectively wall-less by 50 
using laminar flow conditions in a relatively large diam-
eter, high pressure flow tube, and by sampling only a 
very small percentage of the total number of ions from 
the central portion of a symmetric ion swarm. Since 
wall effects are thus eliminated (no wall losses, catalytic 55 
wall reactions, or species desorption from the wall), the 
ion and neutral chemistry occurring in the flow tube 12 
can be characterized as being purely gas phase. Further, 
this chemistry is essentially free of any memory effect 
from compounds previously injected into the flow tube 60 
12. 
The resulting wall-less laminar flow through the flow 
tube 12 allows the sample species injected along the 
flow tube 12 axis (in the center of the flow of ionized 
buffer gas) to react along the axis of the flow tube 12 65 
without diffusing to the flow tube 12 walls. The rela-
tively low residence time of the species in the flow tube 
12 also helps prevent the species from contacting. the 
ber 14. 
The use of a very dry (less than about 1 ppb H20), 
clean buffer gas is desired as such a buffer gas can, if 
used in conjunction with a dry GC effiuent gas, elimi-
nate the need for a collisional dissociation chamber 14. 
Optimum results are obtained when extremely clean 
carrier gases and trace gases are used to create the 
buffer gas. The cryogenic trap 22 helps achieve this. 
-Sample separation devices such as gas chromatograph 
columns having a clean output are desirable. Prior to 
use, the gas chromatograph column should be heat 
conditioned and cleaned of all extraneous matter and, if 
possible, heated while being purged with the clean 
buffer gas. The gas chromatograph column stationary 
phase should have as low bleed (low volatility) as possi-
ble. Preferably a monomolecular coated phase should 
be used. Effective GC separation of the sample species 
also may be achieved by gas-solid chromatography 
(GSC) using porous polymer materials with very low 
column bleed. 
If a less dry, Jess clean sample gas is used, the ions in 
the buffer /sample gas mixture should be separated out 
into a dry buffer gas prior to introducing the sample 
ions into the collisional dissociation chamber 14 by, for 
example, a curtain gas and a converging electrostatic 
field. See Eisele, F. L., 54 Int'I J. Mass Spec. and Ion 
Processes.119-126 (1983)(curtain gas); Eisele, F. L., 91 
J. Geophys. Res. 7897-7906 (1986)(collision chamber), 
both of which are incorporated herein by this reference 
and made a part hereof. Generally, the curtain gas and 
converging electrostatic field are needed only if the 
buffer gas, carrier gas, trace gas, or sample species con-
tains a great deal of H20, other polar molecules or 
highly corrosive gases. 
Virtually all of the ions reaching the exit aperture 36 
of the flow tube 12 become hydrated to some extent if 
water is not removed initially from the sample gas. In 
practice, with a flow tube 12 operating at or above one 
atmosphere of pressure, maintaining the H20 concen-
tration at a sufficiently low level (around 1 ppb) to 
prevent significant ion hydration is relatively difficult . 
In addition, as ions pass through the exit aperture 36 and 
expand along with the gas in which they are contained, 
the subsequent adiabatic temperature decrease induces 
further ion hydration (or ion clustering) if H20 concen-
trations are greater than about 0.1 %. The chamber 14 
into which these hydrated ions enter after passing 
through the aperture 36 is specifically designed to colli-
sionally dissociate weakly bound H20 clusters. The first 
application of the present collisional dissociation cham-
ber 14 has been described previously. See F. L. Eisele, 
Identification of Tropospheric Ions, 91 J. Geophys. 
Res. 7897-7906 (1986), incorporated herein by this ref-
erence and made a part hereof. The use of such a molec-
ular cluster dissociating device is of most use when the 
present invention is operated in a crude form, for exam-
ple, with no preseparation of sample gas such as by GC, 
with multicomponent sample gases, uncleaned buffer 
gases, and wetter buffer gases. 
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This preferred chamber 14, shown in FIG. 1, is a low 
pressure drift tube which typically is operated at about 
Turning now to FIGS. 3 and 4, alternate embodi-
ments of the flow tube reactor cell 12 are shown. Corre-
sponding parts in FIGS. 3 and 4 are denoted by adding 
the numerals 1 and 2, respectively, before the corre-
sponding numeral of FIG. 1. The embodiments shown 
in FIGS. 3 and 4 generally are used when larger quanti-
ties of sample gas such as ambient air are inputted to the 
flow tube 112, 212. The embodiment shown in FIG. 4 is 
identical to the embodiment shown in FIG. 3 with the 
exception of the placement of the radioactive source 
232 and the addition of a third cylindrical surface 233 
which, as more fully described below, has an effect on 
the. shape of the optional electric field E and the time 
that ions must spend in the buffer gas before reaching 
the sample gas. In the embodiments shown in FIGS. 3 
and 4, the sample gas, indicated by the three arrows 
0.1 torr and offers a proportionally larger number of 
collisions between ions at a given E/N value (electric 
field intensity divided by gas number density). It has 5 
been found that operating the chamber 14 at higher than 
about 0.01 torr and lower than 1.0 torr, with a preferred 
range of between about 0.05 and 0.2 torr, produces 
optimum results. Pressures higher than about 1.0 torr 
result in a Joss of signal and pressures below about 0.01 10 
torr result in fewer collisions unless the chamber is 
undesirably Jong. The central core of the ion cloud 
produced near the flow tube 12 axis passes through the 
exit aperture 36 (typically about 20-200 micrometer 
diameter depending on the pumping capability of the 15 
m.ass spectrometer), into the attached collisional disso-
ciation chamber 14. 
The only gas which enters the chamber 14 comes 
from the flow tube 12 by passing through the flow tube 
exit aperture 36 (along with the ions contained in it). 20 
Within the chamber 14, water clusters weakly bound to 
- labeled S, is introduced into the flow tube 112, 212 
through a relatively wide input port. Part of the sample 
gas exits the flow tube radially through sample gas exit 
port 127, 227 while the quantity of the sample gas to be 
analyzed enters the iQjection needle 134, 234. 
the sample species ions are removed, allowing relatively 
pure sample species ions to be introduced to the mass 
spectrometer 16. The purer the sample species ions 
introduced, the greater the detection sensitivity of the 25 
mass spectrometer 16, and the cleaner the mass spectra 
produced. The bulk of the buffer gas is exhausted by a 
radially outward motion through the much larger exit 
duct 38 (while ions pass through aperture 36 and are 
focused through the aperture 42) at the distal end of the 30 
flow tube 12. Removal of the buik of the buffer gas is to 
minimize turbulence in the flow tube 12 and so as not to 
disturb the central axial flow. More detailed descrip-
tions of the pumping system and both single and tandem 
mass spectrometers which can be used in conjunction 35 
with this collisional dissociation chamber 14 are given 
in 93 J. Geophys. Res. 7897 (1986) and 91 J. Geophys. 
Res. 716 (1988), respectively, both of which are incor-
porated herein by this reference and made a part hereof. 
The collisional dissociation chamber 14 consists of a 40 
vacuum tight enclosure containing several electrically 
insulated rings 40 (guard rings) which are maintained at 
potentials which produce an approximately uniform 
electric field along the axis of the chamber 14 (the uni-
formity of this field is not critical). The electric field 45 
intensity in this region is typically maintained at 5-20 
volt/cm depending on the amount of ion cluster frag-
mentation desired. This field is sufficiently weak not to 
dissociate the relatively stable core ions. Even at 5 
volt/cm, water clusters are almost completely removed 50 
from most ions while ion dissociation is insignificant. 
Other collisional dissociation chambers can be used, 
such as, for example, the device described in U.K. Pa-
tent No. 1,584,459. 
The removal of H20 clusters is not crucial to the 55 
operation of this invention; however, their removal 
does offer two important benefits: the removal of H20 
clusters from ions of the type: A+l-n.(H20)m (where 
ions corresponding ton= l, 2, and 3 may all be present 
at the same time) results in the detection of ion A+!- at 60 
only a single mass (essentially all ions evolving in the 
above manner are single charged) and not as a series of 
masses which would include integer multiples of mass 
18 above the core ion's mass. Thus, the resulting ion 
spectra will be simple, containing only one ion mass per 65 
core ion species, and the number of ions observed at 
each peak will be larger because they are not divided up 
among several different mass peaks. 
The buffer gas, indicated by the arrows labeled B, 
radially enters the flow tube through buffer gas input 
124, 224 and into the laminar buffer gas flow region 160, 
260. In this region 160, 260, the buffer gas first passes 
through flange 126, 226, which uniformly disperses the 
buffer gas, and then through turbulence-reducing 
screens 130, 230, to create a laminar flow of the buffer 
gas. The buffer gas, now in laminar flow, enters the ion 
source region where the buffer gas is ionized by the 
radioactive source 132, 232. The flange 126, 226, turbu-
lence-reducing screen 130, 230 and radioactive source 
132, 232 are located concentrically about injection nee-
dle 134, 234. 
After being ionized in region 170 and 270, the buffer 
gas enters the specific ion-molecule reaction region 180, 
280 where it encounters and reacts with the sample gas. 
Electric fields E are applied between the flow tube 112, 
212 wall and the injection needle 134, 234 to force the 
buffer gas ion from the ion source region 170, 270 into 
the much larger sample gas flow for more efficient 
reaction with the sample gas. The positioning of radio-
active source 232 on cylinder 233 makes practical the 
use of different electric fields E as shown in FIGS. 3 
and 4. The buffer gas and sample gas travel along the 
remainder of the flow tube 112, 212 as described with 
reference to FIG. l, and typically are sampled through 
a curtain gas and a collisional dissociation chamber. 
2. Operation 
The interface 10 of the present invention is calibrated 
for each sample species desired to be detected by deter-
mining the reaction parameters (reaction rates, reaction 
times,. reaction temperatures, etc.) for the desired spe-
cies. Each species ion has a different reaction rate con-
stant and electron or proton affinity and may require 
different reaction parameters, such as, for example, 
initial reactant ion species, reaction time, injection nee-
dle temperature, feed rate of buffer gas and quantity and 
feed rate of species ion. Once the interface 10 is cali-
brated for a specific species ion, it can be left at that 
calibration for detection of that species ion because the 
calibration depends not on ion detection sensitivity but 
on the ratio of two ion concentrations. 
The flow tube 12 and collisional dissociation chamber 
14 generally operate at ambient temperature (22° -32° 
C.). For lower vapor pressure species, it is useful to heat 
either the flow tube 12, the injection needle 34, or both. 
15 
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come into contact with any metal components of the 
system. 
DMS and CAR were separated from interfering high 
proton-affinity species, such as amines, using a Hewlett-
Conventional known means for heating the flow tube 12 
are appropriate. The injection needle 34 may be resis-
tance heated using a two concentric tube configuration 
because of the small diameter and simple shape of this 
injection needle 34. Heating the injection needle 34 also 
has the effect of lowering the possibility and quantity of 
sample species sticking to the inside wall of the injection 
needle 34. 
5 Packard Model 5890 gas chromatograph. Best results 
were obtained with isothermal separation at 90' C. and 
140' C., respectively, using a packed column (6 ft. FEP 
tubing, f' o.d.) filled with Ultrabond 20 M, 100/120 
The system described thus far is well suited for mea-
suring the highest proton or electron affinity species 10 
present in a bulk sample. It has, however, been specifi-
cally designed to be coupled to a GC in order to mea-
sure species with relatively lower proton and/or elec-
tron affinities at concentrations in the low- or sub-pptrv 
range. In order to apply this system more generally to a 15 
wide range of chemical compounds, separation of the 
individual sample compounds prior to being injected 
into the flow tube is desired. This can be accomplished 
by coupling the sample inlet of the described flow tube 
device to the outlet of a gas chromatographic separator 20 
column or the outlet of any other system converting a 
bulk sample into separate compounds suspended in a gas 
phase, including post-column derivatization devices. 
The effluent from this separation device can be 25 
switched to bypass the flow tube, if necessary, via valve 
74 in FIG. 2 to reduce memory effects from injector 34 
and diverted into the tube only when the species of 
interest is expected to emerge from the column. 
EXAMPLES I AND II 30 
Experiments demonstrating the extreme sens1t1v1ty 
and application potentia·I of the described invention in 
combination with a gas chromatograph (GC) and a 
mass spectrometer (MS) system were performed using 35 
the buffer gas and calibration gas preparation unit as 
schematically shown in FIG. 2, coupled to the flow 
tube 12, collisional dissociation chamber 14, and mass 
spectrometer 16 shown in FIG. 1. Dimethylsulfide 
(DMS, CH3SCH3) and beta-caryophyllene (CAR) were 40 
used as prototype sample gases in the experiments. Stan-
dard dilutions of DMS in the parts-per-trillion range 
were prepared using a temperature-controlled 50 DMS 
permeation device 52 and a dynamic gas dilution system 
including mass flow monitors/controllers 54 and waste 45 
exit ports 62 with ultrapure nitrogen as the dilution gas 
20. Samples were introduced into a Teflon sample loop 
58 connected to the GC gas injection valve 56 and then 
switched into the GC chromatographic column. 
Primary standards of DMS and sulfur dioxide (S02) 50 
were produced using permeation tubes (VICI Metron-
ics). Gas standards of CAR were obtained from the 
headspace vapor of the liquid (Aldrich) filled into a 
small open FEP Teflon capsule. Permeation tubes and-
/or capsule were housed in a permeation oven at con- 55 
stant temperature (about 35' C.) controlled by a YSI 
model 72 proportional temperature controller in combi-
nation with a YSI model 410 temperature probe. All 
primary standard devices were gravimetrically call-
brated by measuring their weight loss with a Mettler 60 
H54AR microbalance. Standard dilutions in the parts-
per-trillion range were made using the dilution system 
shown in FIG. 2. The dilution gas 20 was pure nitrogen 
taken from liquid nitrogen dewars. Flows through the 
individual components of the dilution system were con- 65 
trolled by mass flow controllers (MKS Instruments). 
All tubing, fittings, and in-line valves were made of 
FEP Teflon (Galtek). The calibration standards did not 
mesh Ultra Scientific). Ultra-high purity helium or ni-
trogen were used as carrier gases 46 at typical flowrates 
of 30-60 sec/min. Samples were collected into a 2.3 cc 
sample loop 58 ff' o.d. FEP tubing) without precon-
centration and injected into the column through an 
automatically actuated valve 56. Either a Hamilton 
8-port Miniature Inert valve or a 6-port Valeo valve 
were used. 
The buffer gas used in the chemical ionization flow 
tube was purified by passing it through a high pressure 
(20 psi) liquid nitrogen trap involving about 30 m of 
coiled A" o.d. stainless steel tubing. The trap was baked 
out overnight once every 3 to 4 days. For these Exam-
ples, there was typically sufficient H20 present in the 
buffer gas to produce H3Q+ as the primary reactant ion 
species present. 
Acceptable GC conditions were as follows: 
GC mainframe: Model 5890 (Hewlett-Packard); 
Injection valve: 8-port, with CTFE core, electrically 
actuated (Hamilton); 
Injection loop: f' FEP tubing, 2.3 cc volume; 
Column: A" FEP tubing, 6 ft., bonded Carbowax 20 
M Ultrabond (Ultra-Scientific) (a column including 
Ultrabond 20 M, a bonded Carbowax 20 M phase 
which due to its quasi-monolayer coating on the 
solid support (0.2% loading on diatomaceous 
earth) produces a very low column bleed); 
Carrier gas 46: N2 or He, 60 cc/min; and 
Oven 72 temperature: 140' C., isothermal. 
An important factor in the present apparatus for real-
time detection of low proton/electron affinity com-
pounds is the selection of suitable GC column materials. 
The following minimum requirements should be met by 
these materials: 
1. Inertness towards analyte species such that no 
analyte loss or memory effects occur at pptrv /sub-
pptrv levels; 
2. efficient separation of analyte species form high 
proton or high electron affinity compounds; and 
3. low column bleed rendering a high signal-to-noise 
ratio. 
The column end was connected directly to the needle 
sample orifice 34 of the high pressure chemical ioniza-
tion flow tube 12. Laminar flow conditions were pro-
duced in a flow tube 12 preceding the reaction tube. 
The cplumns described above, used for DMS and CAR 
measurements, showed satisfactory performances. At a 
typical carrier gas 46 flow rate of 40 sec/min and oven 
72 temperature of 90' C., DMS was detected approxi-
mately 20-25 seconds after injection. Typical DMS 
peak widths were 5-10 seconds depending on concen-
tration. Retention times and peak widths for CAR sam-
ples were similar for an oven 72 temperature of 140' C. 
DMS was detected as a sharp peak in the positive spec-
trum at mass 63 (DMS plus one proton). Integration 
time for individual measurements was 10 sec. Interfer-
ences due to column bleed or loss of DMS in the col-
umn and tubing were fairly small. 
DMS is produced naturally in large amounts by ma-
rine phytoplankton and is the most important sulfur gas 
17 
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emitted from the oceans. FIGS. 5 and 6 show a typical 
calibration curve obtained for DMS ·using the present 
apparatus and the GC conditions described earlier. The 
detection limit (DL) was approximately 0.5 pptv for a 
signal to noise ratio of 2. A lower DL may be achieved 5 
by further optimization of the experimental conditions 
(e.g., purity of dilution and carrier gases, flow condi-
tions, GC column). DMS also was sampled from ambi-
ent laboratory air and clearly separated at the described 
GC conditions from any other compounds present in 10 
the sample. No interferences in the analysis were found. 
FIG. 5 shows the calibration curve obtained for DMS 
and exemplifies the linear response of the present inven-
tion. FIG. 6 is an enlargement of a portion of FIG. 5 and 
exemplifies the sensitivity of the present invention. The 15 
lowest concentration measured was I. I pptrv at 
11.4± 3.1 signal counts above background (15 sample 
runs; sample injections: I per 80 sec). Standard errors 
are shown for concentrations <20 pptrv. For these 20 
conditions, DMS detection limit is about 0.5 pptrv 
(SIN =2). The time resolution of the measurements can 
be increased greatly by consecutively injecting samples 
into a parallel series of GC columns and switching the 
eluting DMS peaks into the chemical ionization reactor. 25 
This can be achieved simply by using automated distri-
bution valves and zero dead-volume connections. 
FIG. 7 shows the results of field measurements of 
atmospheric DMS made with the present system at a 
coastal site on Sapelo Island, Ga., in May, 1990. Also 30 
included in FIG. 7 are the results of measurements made 
at the same location using a preconcentration technique 
in which DMS is collected by adsorption on a gold 
surface. The DMS is subsequently desorbed by heating 
the gold surface, cryofocussed at -196' C., separated 35 
on a GC column, and analyzed by a sulfur-specific 
flame photometric detector (FPD). A Hewlett-Packard 
FPD was used in this study. GC separation was per-
formed at an oven temperature of 100' C. on a 9 ft., f' 
o.d. FEP column packed with Carbopack B/1.5% XE- 40 
60/1.0% HJP04 (Supelco). Helium was used as the 
carrier gas at a flowrate of 20 sec/min. The DMS detec-
tion limit with this technique is about I pptrv for a 20 
liter sample. Precision is ± 10%. 
Beta-caryophyllene (CAR) is a high molecular 45 
weight hydrocarbon (mol. wt 204; b.p.14 130' C.) used 
mainly in perfumery. It occurs naturally in many essen-. 
tial oils, particularly clove oil, and also as a trace sub-
stance in certain illegal drugs which makes it an inter- 50 
esting candidate for drug-of-abuse detection in air. 
CAR detection in oils with conventional GC/FID 
methods is very time-consuming due to relatively long 
retention times (20-30 minutes). Its detection in ambient 
atmosphere and in other environments. For example, 
isoprene, one of the most reactive natural hydrocarbons 
in the atmosphere, has a relatively high proton affinity. 
Detection of isoprene both in clean standard dilutions 
and in ambient air (ppbv and pptrv range) have been 
performed. The invention can be expanded to a number 
of other species, e.g., sulfur dioxide, dimethylsulfoxide, 
and various unsaturated hydrocarbons and amine spe-
cies. Different types of separation columns can be used. 
EXAMPLE III 
A primary standard of S02 was produced as in the 
above Examples. A different method was used to mea-
sure S02. No GC separation was necessary. S02 was 
derivatized to S0-5 and detected at 112 amu in the 
negative spectrum. The resulting calibration curve is 
"shown in FIG. 9. S02 detection was quasi-continuous 
(intergration cycle: 10 sec). The lowest concentration 
measured 1.2 pptrv yielding an average signal of 
76.5±7.9 counts in 10 runs. The S02 detection limit of 
this method is about 0.2 pptrv at 10 sec integration and 
was limited by background noise. Interferences by 
DMS were found to be negligible. Tests showed a sig-
nal count equivalent to less than 5 pptrv S02 when 
DMS was added to the system at a concentration of 5 
ppb. Standard addition measurements were made in 
laboratory air. The resulting S02 concentrations (low 
ppb range) were measured both with the present tech-
nique and with a Thermoelectron S02 fluorescence 
monitor. A good agreement between the results ob-
tained with both instruments was found. 
EXAMPLE IV 
The apparatus described above as shown in FIG. 3 
was used in conjunction with an ion analysis apparatus 
and resulted in the measurement of the OH radical at 
concentrations of less than 0.01 ppt. FIG. 10 shows the 
sensitivity of the present invention when used to detect 
concentrations of specific compounds in a sample of 
ambient air. FIG. 10 shows that the present invention is 
able to measure OH at concentrations down to the 
Ix lQ5 molecules/cm3, which is sufficient sensitivity in 
time resolution to discern variations in the OH concen-
tration much smaller and faster than any existing 
method. 
air has not been previously reported. FIG. 8 shows a 55 
typical CAR calibration curve. The lowest concentra-
tion measured was 4.9 pptrv yielding an average signal 
count of 73.4± 12.5 for 8 repetitive injections (sample 
injection: 1 per 80 sec). The detection limit is about 0.5 
pptrv at these operating conditions. Similar to DMS, 60 
the time resolution for CAR measurements can be fur-
ther improved. 
Each OH concentration shown in FIG. 10a corre-
sponds to a 300 second measurement time which in-
cludes 20 five second OH measurements, 20 five second 
background measurements, and about 100 seconds for 
logging and storing OH in meteorological data. FIG. 
10b and c show the ultraviolet solar flux and the ozone 
concentration, revealing a nearly simultaneous drop in 
OH c0ncentration and ultraviolet flux and simultaneous 
increases in ozone and OH concentrations. 
A brief list showing some various types of com-
pounds which can be studied is given in Table A, which 
contains a sample, non-exhaustive list of compounds 
selected from the literature which have proton affinities 
high enough to be analyzed by the present techniques. 
Lias, Evacuated Gas Phase Basicities and Proton Affin-
ities of Molecules, Heats of Formation of Protonated 
Molecules, 13 J. Phys. Chem. Ref. Data 695 (1984). 
Many other similar compounds can be added to the list 
as well as a large number of amines and related N-con-
taining groups with proton affinities greater than 214 
and less than 171 kcal/mole. 
The present invention also bears a high potential for 
a wide range of applications due to the wide range of 
applicability and modularity of the major peripheral 65 
instruments (GC, mass spectrometer), and the relatively 
high electron and/or proton affinities of a large number 
of organic and inorganic compounds which occur in the 
19 
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TABLE A 
Affinit~ Formula NamL' lmpnrtanct.• 
171.4 CHN Hydrogen Cyanide a. w. t 
171.7 CH10 Formaldehyde a. w 
173.3 CHNO Cyanic Acid a. w. t 
175.7 CCIN Cyanogen Chloride a. w. t (military poi,on) 
175.8 C2Cl3N Trichloroacetonitrile a. w. t (insecticide) 
176 C2H51 Ethyliodide a. w 
177.4 C2H3Cl30 Trichloroethanol 
178.3 CBrN Cyanogen Bromide 
178.8 CH202 Formic Acid a. w 
179.2 AsH3 Arsine a. w. t 
179.2 CH3N02 Nitromethane a. t, e. i (rocket fuel) 
179.4 C4H8 Butene a. i 
179.5 C4H5N02 Succinimide d 
179.5 C3H6 Pro gene a. i. f 
179.8 C3H6 (c) Cyclopropane a. i. f. e (anesthetic) 
180 C6Cr06 Chromium Carbonyl a. i. f. e (gasoline addit.) 
180 C4Ni04 Nickel Carbonyl a. f. e. t. c 
181.3 C6H6 Benzene a. w. i. f. t. c 
181.7 C6H5CI Chlorobenzene a. i. s (solv. for paints) 
181.9 CH40 Methanol a. i, s 
182.4 C2H3CI02 Chloroacetic Acid a, w. i. t (herbicide) 
182.4 C6H5Br Bromobenzene a. i (motor oil additive) 
183.5 C2HCl302 Trichloroacetic Acid w. co (herbicide: caustic) 
183.5 C2H3F02 Fluoroacetic Acid w. t (rodenticide) 
184.8 C2H5N02 Nitroethane t. s 
186 C2H6Hg Dimethylmercury a. t. f (in fish. birds) 
186 CH2S Methylenesulfide a??? 
186.6 C2H40 Acetaldehyde a. w. i. f. t 
187.4 CH4S Methanethiol a. i. t 
187.5 C3H4CIN Chloropropionitrile t 
187.9 C2H40 Ethylene Oxide (Oxirane) a. i. t. f (fungicide) 
188.3 C2H50H Ethanol a. s 
188.4 C2H31' Acetonitrile w. t. s. f 
188.9 C2H402 Methyl Formate t. f (larvicide) 
189.6 C3H60 Propionaldehyde a 
189.7 C3H3N Acrylonitrile t. f. e. c (pesticide use) 
189.9 C7H8 Toluene a. i. f. t. s (gasol. add.) 
190.2 C2H402 Acetic Acid a. w. i. f. s 
190.8 C3H80 1-Propanol (n) a. s. f 
190.8 C6H60 Phenol w. i. t. co (disinfectant) 
190.8 C2H6S Ethanethiol a. i (odoranl) 
191.1 C4Hl00 1-Butanol (nl a. '· f 
191.2 C3H80 2-Propanol fool a. f. s (antifreeze agent) 
191.5 C4H80 Butyraldehyde a."· f. t 
191.6 C8HIO Ethylbenzene a. f. ' 
191.6 C3H8S Propanethinl a ?'?? 
191.8 C3H602 Propionic Acid a (wood burning prod.) 
192.0 C6HIO p-Xylene a. t. s 
192.I C2Ho0 Methyl Ether a. w (refrigerant) 
192.l CIOHl4 n-Butylbenzene 
192.l C9H12 i-Propylbenzene 
192.2 C4H40 Fu ran 
192.4 C9Hl2 n-Propylbenzene 
192.5 CH3N02 Methylnitrite a" 
192.6 CSHIOO n-Valeraldehyde a'.'. i (flavorant) 
192.6 C4H80 i-Butyraldehyde 
192.6 C3H51' Propionitrile 
193.0 CIOHl4 tert-Butylbenzene 
193 C4H6 Butadiene a. i 
193.l C3H602 Ethyl Formate a0 , i, s (flavorant) 
193.3 C8HIO o-Xylene a, t, s 
193.4 C6H5N02 Nitrobenzene a?, i. t, s 
193.8 C4H802 1.4-Dioxane a. w. i. t. c 
193.9 C3H40 Acrolein i. t, f 
194.l C3H8S i-Propanethiol 
194.6 C2H4S Ethylene Sulfide (Thiirane) a??? 
194.7 CIOH8 Naphthalene a?, i. t 
195.9 C8HIO m-Xylene a?. t, s 
195.9 C4H8 i-Butylene a. i 
195.9 C2H3NS Methyl Isothiocyanate a. t (pesticide) 
196 C2H6S2 Dimethyldisulfide a 
196.5 C4H4S Thiophene a0 , i (in coal. tar) 
196.7 C3H60 Acetone a, f, s 
197.8 C3H602 Methyl Acetate 
198.4 CH3NO Formamide i. s 
198.7 Cl4HIO Phenanthrene 
198.8 C4H80 Tetrahydrofuran i. s 
199.6 C5H6 Cyclopentadiene 
200.4 C5H8 lsoprene a 
200.6 C2HoS Dimethylsulfide a. w 
203.5 C3H8S Methyl Ethylsulfide a 
21 
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TABLE A-continued 
Affinit, Formula Name Importance 
204.0 H3N Ammonia 
205.0 C4HIOS DiethyJ,ulfide 
211.3 C2H60S Dimethylsu!foxide a. w. ~ 
214.3 C3H7N02S L-Cy,teine w (amino acid) 
a = air chemi-.tq. w = waler chemi-.1r~. t = 1m.i1.: !-Ub~1an..:c:. e = e\plo"i' e. d = drug. 1 = indu-.1r~ 
u~e. f = flammable. c = carcinogenk. 1..·o = corro-.1\"e, ~ = ~ol\"ell! 
The invention described above in combination with a JO 
mass spectrometer 16 system makes it possible to mea-
sure and positively identify species having sufficient 
proton and/or electron affinities (but for lower than 
those presently observable with existing chemical ioni-
zation techniques) at concentrations well below I ppt. 15 
Thus a wider range of compounds may be viewed, and 
a higher sensitivity achieved, The ability to accomplish 
such a high degree of sensitivity has already been dem-
onstrated by the above data and its potential to achieve 
even greater sensitivity is demonstrated by a very sensi- 20 
tive atmospheric ion sampling apparatus. See 91 J. Geo-
phys. Res. 716 (1988); 94 J. Geophys. Res. 2183 (1989); 
96 J. Geophys. Res. 1023-1031 (1991); all of which are 
incorporated herein by this reference and made a part 
hereof. While the atmospheric ion sampling portion of 25 
the apparatus is quite different from the present inven-
tion, the chemical reactions and reaction times are quite 
similar, and the mass spectrometer used is the same. 
Thus. a similar sensitivity is anticipated. The interface 
10 is capable of increasing the detection sensitivity for a 30 
wide range of species ions, including the more stable 
high affinity species and the less stable low affinity 
species. Species having negative spectra also can be 
detected by using the invention. This invention makes 
practical the detection of currently hard to detect spe- 35 
cies at a reasonable sensitivity. The invention is capable 
of increasing the detection sensitivity of a mass spec-
trometer for sample species ions ionized by both proton 
gain or loss or electron gain. 
3. Alternatives 40 
Flow tube gases can be used that only allow higher 
proton or electron affinity gases to be observed, or 
which allow the range to be extended. The buffer gas 
composition can be modified in order to optimize the 45 
detection of species with very low proton or electron 
affinities. Specific flow tube gas additives can be used 
which initiate a more complex but specific series of 
reactions. 
Other alternatives to the components of this inven- 50 
tion include: use of other ionization sources such as 
corona sources or X-rays; use of monopolar rather than 
bipolar ion distribution; use of tandem mass spectrome-
ter instead of a single mass spectrometer; use of multiple 
side or axial injection ports; and use in combination with 55 
a chromatographic system involving known variations 
of sample injection (e.g., gas injection valves, syringe 
injection) and injection ports (e.g., on-column injection, 
flash vaporization ofliquids), known types of chromato-
graphic columns (e.g., packed columns, capillary col- 60 
umns) and column materials, and known types of chro-
matographic methods (e.g., gas chromatography, super-
critial fluid chromatography (SFC), liquid chromatog-
raphy with devices transforming the liquid sample into 
purposes and not to limit the invention as defined in the 
appended claims. 
What is claimed: 
1. An apparatus for connecting a gaseous medium 
source located upstream from the apparatus to a mass 
analysis device located downstream from the apparatus, 
-the apparatus comprising a flow tube ion reactor cell, an 
isolated ionization source, at least one sample injection 
means, and a buffer gas inlet means, 
said flow tube comprises proximal and distal ends and 
inner and outer surfaces, said proximal end being 
connected to said buffer gas inlet means and said 
distal end being co~nected to said mass analysis 
device; 
said at least one sample injection means being located 
coaxially with said flow tube and comprising a 
hollow shaft terminating in a sample outlet port; 
said isolated ionization source being located within 
said flow tube in an ion source region upstream and 
isolated from said sample outlet port; 
said buffer gas injection port being located upstream 
from said isolated ionization source and from said 
sample outlet port and configured so as to allow 
the introduction of a buffer gas coaxially about said 
sample outlet port; 
means for creating a laminar flow of said buffer gas 
within said flow tube; and 
an ion-molecule reaction region within said flow tube 
and located downstream from said sample outlet 
port. 
2. The apparatus as described in claim l, wherein said 
buffer gas injection port injects a buffer gas comprising 
a carrier gas and one or more trace gas parent n~utral 
species into said flow tube. 
3. The apparatus as described in claim 1, wherein said 
ionization source being located on the inside perimeter 
of said inner surface of said flow tube. 
4. The apparatus as claimed in claim 2, wherein said 
means for creating a laminar flow of said buffer gas 
within said flow tube is selected so as to create a laminar 
flow of said buffer gas concentric about said sample 
outlet port. 
5. The apparatus as claimed in claim 4, wherein said 
means for creating laminar flow comprises at least one 
back flange and one turbulence reducing screen, 
said back flange being located substantially adjacent 
to said proximal end of said flow tube and having 
substantially the same shape as the cross-section of 
said flow tube; 
said back flange being a generally solid article having 
a plurality of holes therethrough to allow said 
buffer gas to pass from said buffer gas injection 
port through said back flange into said flow tube so 
as to substantially uniformly fill said flow tube; 
a gas or fine gaseous suspension). 65 said turbulence reducing screen being located down-
stream from said back flange and having substan-
tially the same shape as the cross-section of said 
flow tube; 
The above detailed description and examples describe 
the best mode of the invention contemplated by the 
inventors at this time and are meant for illustrative 
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said turbulence reducing screen having a mesh so as 
to allow said buffer gas to flow therethrough and to 
reduce turbulence as said buffer gas flows there-
through resulting in a generally laminar flow; and 
both said back flange and said turbulence reducing 5 
screen being located upstream from said isolated 
ionization source and said sample injection ports. 
6. The apparatus as claimed in claim 5, wherein said 
sample injection port injects a sample gas axially within 
said flow tube downstream from said isolated ionization JO 
source, said turbulence reducing screen, said back 
flange, and said buffer gas injection port. 
7. The apparatus as claimed in claim 6, wherein said 
sample gas is injected at a gas flow velocity substan-
tially equal to the flow velocity of said buffer gas and 15 
axially within the flow of said buffer gas. 
8. The apparatus as claimed in claim 6, further com-
prising a means for purifying said buffer gas prior to 
introducing said buffer gas to said flow tube. 
9. The apparatus as claimed in claim 8, wherein said 20 
means for purifying said buffer gas comprises a cryo-
genic trap. 
10. The apparatus as claimed in claim 4, wherein said 
isolated ionization source is a radioactive source. 
11. The apparatus as claimed in claim 4, further com- 25 
prising an exit aperture located at said distal end of said 
flow tube leading into said mass analysis device. 
12. The apparatus as claimed in claim 11, further 
comprising a buffer gas exit port located at said distal 
end of said flow tube. 
13. The apparatus as claimed in claim 11, wherein 
said exit aperture is located along the axis of said flow 
tube. 
30 
14. The apparatus as claimed in claim 12, wherein 
said buffer gas exit port is located along the distal perim- 35 
eter of said flow tube. 
15. A method for introducing a gaseous sample to a 
mass analysis device comprising the steps of: 
(a) providing a sample gas; 
(b) providing a buffer gas comprising a carrier gas 40 
and one or more trace gas neutral species; 
24 
introducing said buffer gas to said flow tube ion reactor 
cell. 
18. The method as claimed in claim 15, wherein said 
ionization of said trace gas is achieved by a radioactive 
source. 
19. The method as claimed in claim 15, further com-
prising the step of removing said buffer gas prior to 
introducing said ionized sample gas to said mass analysis 
device. 
20. The method as claimed in claim 18, further com-
prising the step of removing any water clusters weakly 
bound to said ionized sample gas prior to introducing 
said ionized sample gas to said mass analysis device. 
21. The method as claimed in claim 15, wherein said 
sample gas is introduced at substantially the same flow 
velocity as said buffer gas. 
22. A measurement system used to calculate sample 
species concentration from measured instrumental pa-
rameters and a single physical constant, comprising: 
(a) a buffer gas including a carrier gas and at least one 
trace gas parent neutral species; 
(b) a flow tube reaction cell comprising a laminar 
buffer gas flow region, an ion source region, and a 
separate ion/molecule reaction region; 
(c) a means for ionizing said buffer gas to create reac-
tant ions; and 
(d) a means for ionizing said sample gas by reaction 
with said reactant ions to create product ions, 
wherein the ratio of said product ions to said reac-
tant ions remaining after reaction with said sample 
gas, together with the reaction rate coefficient and 
reaction time, is used to calculate the concentration 
of said sample species in said sample gas. 
23. The system as claimed in claim 22, wherein said 
buffer gas is introduced into said laminar buffer gas flow 
region of- said flow tube reaction cell, said means for 
ionizing said buffer gas is located in said ion source 
region of said flow tube reaction cell, and said sample 
gas is introduced into said flow tube reaction cell prior 
to said separate ion/molecule reaction region and 
within said laminar buffer gas flow region. 
(c) providing a buffer gas ionization mechanism; 
(d) providing a flow tube ion reactor cell; 
(e) introducing said buffer gas into said flow tube ion 
reactor cell as a buffer gas flow; 
(f) providing a means for uniformly diffusing said 
buffer gas within said flow tube ion reactor cell and 
for causing said buffer gas to have a laminar flow in 
24. The system as claimed in claim 23, further com-
prising a cryogenic trap for purifying said carrier gas. 
25. The system as claimed in claim 23, further com-
45 prising an exit duct and an exit aperture located in said 
reaction region of said flow tube reaction cell. 
an axial direction along said flow tube ion reactor 
cell; 
26. A measurement method which used the concen-
tration ratio of at least two ions to calculate the concen-
tration of one of at least one parent neutral species con-
50 tained in a sample gas comprising the steps of: 
(g) ionizing said buffer gas by said buffer gas ioniza-
tion mechanism within an ion source region, pro-
ducing an ionized buffer gas flow; 
(h) introducing said sample gas within said flow tube 
ion reactor cell generally along the central axis of 55 
said ionized buffer gas flow; 
(i) reacting said sample gas with said ionized buffer 
gas by a sample ionization mechanism within an 
ion/molecule reaction region resulting in the ioni-
zation of said sample gas by ion/molecule reac- 60 
tions; and 
G) introducing said ionized sample gas and ionized 
buffer gas into said mass analysis device. 
16. The method as claimed in claim 15, further com-
prising the step of drying said carrier gas prior to intro- 65 
ducing said buffer gas to said flow tube ion reactor cell. 
17. The method as claimed in claim 16, further com-
prising the step of cleaning said carrier gas prior to 
(a) providing a buffer gas including a carrier gas and 
at least one trace gas neutral reactant species; 
(b) creating a laminar flow of said buffer gas; 
(c) ionizing said buffer gas within an ion source re-
gion so as to create buffer gas species reactant ions; 
(d) reacting said sample gas with said buffer gas reac-
tant species ions within an ion/molecule reaction 
region separate from said ion source region to cre-
ate sample gas ion species; . 
(e) introducing said sample gas ion species and said 
buffer gas species reactant ions to a detection 
means; and 
(f) using the concentration ratio of said sample gas ion 
species to said buffer gas species reactant ion re-
maining after reaction with said sample gas and the 
reaction rate and reaction time to determine the 
concentration of said at least one parent neutral 
species. 
25 
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27. The method as claimed in claim 26, further com-
prising the step of cleaning said buffer gas prior to step 
(b). 
28. The method as claimed in claim 26, further com-
5 
10 
15 
20 
25 
30 
35 
40 
45 
50 
55 
60 
65 
pnsmg the step of removing metastable, radical, or 
extraneous species from said sample ion species prior to 
step (d). 
* * * * * 
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